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mitosis. Myosin II function and cleavage
furrow progression are known to be regu-
lated by activity of the small GTPase
RhoA. Interestingly, previous studies in
flies and mammalian cells have provided
evidence for both positive and negative
regulatory interactions between ERMpro-
teins and RhoA (Speck et al., 2003; Taka-
hashi et al., 1997). In particular, genetic
studies in flies show that many pheno-
types associated with loss-of-function
mutations in Moesin are strongly sup-
pressed by reduction in RhoA activity,
suggesting that Moesin negatively regu-
lates RhoA. Thus, in addition to the struc-
tural role identified by Kunda et al. in
organizing cortical actin, Moesin may
also regulate Myosin II via its effects on
RhoA activity. Unfortunately, this possible
link between Moesin and RhoA was not
investigated in this study, so further
work will need to be done.
Finally, while this study was carried out
in cultured cells, ERM proteins are best
known in the context of polarized epithe-
lial cells. It is possible that in interphase
cells, ERM proteins also function to stiffen
the cortex to maintain the structural integ-
rity of these cells. Indeed, genetic studies
in the mouse gut epithelium suggest that
ERM function is necessary for proper ten-
sioning of the apical membrane during
villar morphogenesis (Saotome et al.,
2004). Whether ERM functions in epithe-
lial tissues are similar to those identified
by Kunda et al. in mitotic cells remains
to be determined. Similarly, it will be inter-
esting to learn how ERM proteins impact
mitotic events in epithelial tissues. This
study has opened the door to these ques-
tions, but much remains to be answered.
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Note Added in Proof
In a parallel study, Carreno et al. confirm that Moe-
sin contributes to cortical stability and spindle po-
sitioning in a Slik kinase-dependent manner. Inter-
estingly, they also demonstrate that RhoA is
mislocalized in Moesin-depleted cells and that
the effects of Moesin depletion on cortical defor-
mation and spindle function can be suppressed
partially by reducing RhoA activity, suggesting
possible regulatory crosstalk between Moesin
and RhoA. Carreno, S., Kouranti, I., Szafer Glus-
man, E., Fuller, M.T., Echard, A., Payre, F. 2008.
Moesin and its activating kinase Slik are required
for cortical stability and microtubule organization
in mitotic cells. J. Cell. Biol. 180, in press.
10.1083/jcb.200709161.
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The cohesin protein complex holds sister chromatids together to ensure proper chromosome segregation at
mitosis in dividing cells. New experiments by two laboratories (reviewed in this issue of Developmental Cell)
using different techniques reveal that cohesin also plays critical roles in morphogenesis of nondividing
neurons. Other recent studies argue that these roles involve regulation of gene transcription.The cohesin complex plays a crucial role
in chromosome segregation in dividing
cells from yeast to man. Extensive evi-
dence argues that the ring-like structure
formed by the Smc1, Smc3, Rad21,
and Stromalin (SA) cohesin subunits en-
circles sister chromatids to hold them
together, and that at mitosis, Rad21 is
proteolytically cleaved by separase to156 Developmental Cell 14, February 2008 ªpermit sister segregation and cell divi-
sion (Figure 1A; reviewed by Losada,
2007).
Two groups using different innovative
techniques now provide compelling evi-
dence that cohesin is required for proper
morphogenesis of nondividing neurons
in Drosophila. During the development of
the nervous system, neurons often extend2008 Elsevier Inc.excess axons, and later prune away the
inappropriate connections (reviewed by
Luo and O’Leary, 2005). In this issue of
Developmental Cell, Pauli et al. (2008)
and Schuldiner et al. (2008) show that
cohesin is required for axon pruning in
the Drosophila mushroom body, a brain
structure involved in olfactory learning
and memory.
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pruning in mushroom body g
neurons, Schuldiner et al. con-
ducted a genetic screen that
coupled a new piggyBac trans-
poson for insertional mutagen-
esis with generation of mutant
mosaic clones. Remarkably,
they recovered loss-of-function
mutations in the genes encod-
ing the Smc1 and SA cohesin
subunits.Smc1/clonesshow
some reduction in cell number,
but the pruning defect is not
likely caused by reduced cell
proliferation, because it is res-
cued by expressing Smc1 spe-
cifically in postmitotic neurons.
Pauli et al. came to the same
conclusion for the Rad21 cohe-
sin subunit via a different route.
They generated Rad21 mutant
flies by transposon excision,
and then rescued them with
a transgene expressing amodi-
fied Rad21 protein, Rad21TEV,
that is cleavable by Tobacco
Etch mosaic Virus (TEV) prote-
ase. Broad expression of TEV
protease has no deleterious
effect on wild-type flies. Broad
expression in Rad21TEV-res-
cued flies, however, releases
cohesin from chromosomes,
causing cohesion and cell divi-
sion defects. The advantage
of the Rad21TEV flies lies in the
fact that TEV protease can be
expressed in a tissue-specific manner.
Using this powerful approach for the first
time in a metazoan, the authors found
that expressing TEV protease in all post-
mitotic neurons is lethal, and then con-
firmed the findings of Schuldiner et al. by
showing that expression specifically in
mushroom body neurons blocks axon
pruning.
The role of cohesin in nondividing cells
is not limited to axon pruning. Schuldiner
et al. also identified Smc1 and SA muta-
tions in a screen for defects in dendrite
targeting by olfactory projection neurons.
Mutant neurons in multiple cell lineages
fail to target their dendrites specifically
to the appropriate cells, and some pro-
duce dendrites that branch too profusely.
Again, Smc1/ clones show reduced cell
numbers, but the dendrite targeting
defects are rescued by expressing Smc1
in postmitotic neurons. Pauli et al. show
that expression of TEV protease in cholin-
ergic neurons of Rad21TEV-rescued flies
causes abnormal larval locomotion with-
out obvious effects on mitosis, thereby
identifying additional cohesin-sensitive
neurons.
What could cohesin be doing that is
responsible for these effects on neuron
structure and function? The likely answer
is regulating gene expression. Over the
past few years it has come to light that
both cohesin and a factor needed for co-
hesin to bind to chromosomes (Nipped-B/
NIPBL/Scc2) regulate gene expression in
Drosophila and play crucial roles in human
development (reviewed by Dorsett, 2007).
More recently, it has been discovered
that cohesin regulates expression of runx
genes in developing zebrafish embryos
(Horsfield et al., 2007). Reductions in co-
hesin orNipped-B/NIPBL activ-
ity that are insufficient to affect
sister chromatid cohesion alter
gene expression and develop-
ment, providing additional evi-
dence that cohesin has func-
tions beyond holding sister
chromatids together.
The ecdysone receptor (EcR)
gene that encodes the EcR-B1
steroid hormone receptor is
a likely cohesin target in mush-
room body g neurons. Knowing
that EcR-B1 is a key regulator of
axon pruning in the mushroom
body (Lee et al., 2000),
Schuldiner et al. examined
EcR-B1 protein expression in
Smc1/ g neurons, and found
that it is reduced. They further
found that reduced EcR gene
dosage enhances the axon
pruning defect in Smc1/ g
neurons, and most compel-
lingly, that the pruning defect




suggest that cohesin regulates
EcR-B1 expression by directly
controlling EcR transcription.
Cohesin, Nipped-B, and RNA
polymerase II bind to the tran-
scribed region of the EcR gene
in a Drosophila cell line derived
from central nervous system
tissue (Figure 1B; Misulovin
et al., 2007). These studies also revealed
that cohesin binds to a few hundred
transcribed genes, and that many differ-
ences in cohesin binding between cell
lines correlate with differences in gene ex-
pression.
Together, the reduced EcR-B1 levels in
Smc1/ neurons and the binding of co-
hesin to the active EcR gene in cultured
cells argue that cohesin facilitates tran-
scription of EcR. This is a different role
for cohesin in gene regulation than previ-
ously recognized, and thus the new data
also suggest that the role of cohesin can
vary from gene to gene. Before this, the
best-studied example indicated that co-
hesin interferes with transcription of the
Drosophila cut gene by blocking long-
range enhancer-promoter communica-
tion (reviewed by Dorsett, 2007). Strik-
ingly, two other new studies provide
Figure 1. Cohesin Binding to Chromosomes and the Drosophila
Ecdysone Receptor, or EcR, Gene
(A) The cohesin ring-like structure formed by the Smc1, Smc3, Rad21, and
SA subunits is postulated to encircle chromosomes (G1), and in G2, to
mediate cohesion either by encircling both sister chromatids or by inter-
locking two cohesin rings (reviewed by Losada, 2007). Most cohesin is
removed from the chromosome arms during prophase, and at anaphase,
the cohesin remaining around the centromeres is removed by proteolytic
cleavage of Rad21 to permit chromosome segregation.
(B) Reduced expression of the EcR-B1 steroid hormone receptor is largely
responsible for the axon pruning defect in Smc1/Drosophilamushroom
body g neurons (Schuldiner et al., 2008). This likely reflects direct regu-
lation of EcR transcription by cohesin, as revealed by binding of Smc1,
the Nipped-B cohesin-loading factor, and RNA polymerase II (PolII) to
the EcR gene in cells derived from larval central nervous system (Misulovin
et al., 2007). The strongest PolII binding peaks (downward arrowheads)
correspond to the three EcR transcription start sites (upward arrowheads).
Cohesin and Nipped-B bind the EcR transcription unit.Developmental Cell 14, February 2008 ª2008 Elsevier Inc. 157
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terferes with enhancer-promoter commu-
nication inmammalian cells (Parelho et al.,
2008; Wendt et al., 2008). Both show that
cohesin accumulates at sites that bind
theCTCFprotein, well-known for its ability
to block enhancer-promoter interactions
in mammals and flies, and that cohesin
contributes to enhancer-blocking by
some CTCF sites.
The results of Schuldiner et al. and Pauli
et al. combined with the studies on the
roles of cohesion proteins in gene expres-
sion have important implications for
Cornelia de Lange syndrome (CdLS) in
humans. CdLS patients variably display
slow growth, mental retardation, and
structural defects in limbs and organs (re-
viewed by Dorsett, 2007). While half the
cases of CdLS are caused by reduced
activity of the Nipped-B/NIPBL cohesin-
loading factor, some 5% of cases are
caused by missense or small in-frame de-
letion mutations in Smc1, or in one case,
the Smc3 cohesin subunit (Musio et al.,
2006; Deardorff et al., 2007). These rare
cases tend to be mild, showing primarily
mental retardation without significant158 Developmental Cell 14, February 2008 ªstructural abnormalities, and suggest
that the nervous system is particularly
sensitive to perturbations in cohesin func-
tion.
By showing that cohesin regulates the
structure and function of nondividing
neurons, the papers by Pauli et al. and
Schuldiner et al. bolster the case that co-
hesin plays critical roles in gene expres-
sion and development independently of
its central role in sister chromatid cohe-
sion. Although the mechanisms by which
cohesin regulates gene expression remain
to be elucidated, the emerging evidence
argues that cohesin acts broadly to con-
trol metazoan development through
effects on multiple genes.
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